Sepsis-related multiple organ dysfunction or failure portend high mortality rates for patients in the intensive care unit (ICU) and present serious challenges to the intensivist 1 . It has been observed in animals 2 and in humans 3 that, during sepsis, organ dysfunction can develop even in the presence of normalised indices of global haemodynamic function. Several studies have shown a correlation between microcirculatory abnormalities and organ dysfunction or failure in septic animals and humans 4, 5 , as well as between endothelial reaction to infection and clinical outcome in humans 6 .
Such observations suggest that dysregulation of blood distribution and oxygen (O 2 ) delivery (distributive shock), as well as abnormalities of tissue O 2 uptake, might play a key role in the development of organ dysfunction with sepsis. A role for increased microvascular permeability, microemboli and vasoplegia in the development of tissue hypoperfusion and hypoxia has been suggested 7-12 .
Technological advances have enabled studies of the peripheral microcirculation [13] [14] [15] , offering the unique potential to directly evaluate oxygenation status at tissue level. In particular, near-infrared spectroscopy (NIRS) is a novel, non-invasive method to continuously monitor peripheral tissue oxygenation at the bedside. Thus, the objectives of our study were: 1) to examine whether abnormalities of muscle tissue oxygenation, as well as microvascular dysfunction in critically ill patients can be assessed with NIRS and 2) to compare NIRSderived indices of critically ill patients with those of healthy volunteers.
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We studied 41 patients (mean age 58±22 years) and 15 healthy volunteers (mean age 49±13 years). Patients were classified into one of three groups: systemic inflammatory response syndrome (SIRS) (n=21), severe sepsis (n=8) and septic shock (n=12). Near-infrared spectroscopy was used to continuously measure thenar muscle oxygen saturation before, during and after a three-minute occlusion of the brachial artery via pneumatic cuff.
Oxygen saturation was significantly lower in patients with SIRS, severe sepsis or septic shock than in healthy volunteers. Oxygen consumption rate during stagnant ischaemia was significantly lower in patients with SIRS (23.9±7.7%/minute, P <0.001), severe sepsis (16.9±3.4%/minute, P <0.001) or septic shock (14.8±6%/minute, P <0.001) than in healthy volunteers (35. 5±10.6%/minute). Furthermore, oxygen consumption rate was significantly lower in patients with septic shock than patients with SIRS. Reperfusion rate was significantly lower in patients with SIRS (336±141%/minute, P <0.001), severe sepsis (257±150%/minute, P <0.001) or septic shock (146±101%/minute, P <0.001) than in healthy volunteers (713±223%/minute) and significantly lower in the septic shock than in the SIRS group.
Near-infrared spectroscopy can detect tissue oxygenation deficits and impaired microvascular reactivity in critically ill patients, as well as discriminate among groups with different disease severity.
MATERIAlS AND METHODS

Patient population and methods
The study was approved by the Scientific Council and the Ethics Committee of our hospital. Patients of more than 18 years of age, admitted to our ICU from January to May 2006, who fulfilled the systemic inflammatory response syndrome (SIRS), severe sepsis or septic shock criteria of the 2001 ACCP/ SCCM International Sepsis Definitions Conference 16 were considered for inclusion in the study. These criteria are widely accepted both in the clinical setting as well as in research protocols. Exclusion criteria were age under 18, pregnancy, end-stage malignancy, diseases with systemic vascular involvement (e.g. systemic lupus erythematosus, diabetes mellitus), ICU stay of less than three days and technical obstacles such as bone fractures in both hands. In addition, patients with generalised tissue oedema and with a body mass index >35 kg/m 2 were also excluded from the study, as both these conditions are likely to interfere with spectroscopic readings 17, 18 .
NIRS measurements were performed on all eligible patients during the first week of their stay in the ICU. On the day of the measurements, all patients underwent physical examination, completed blood screening tests, arterial blood gas analysis and Sequential Organ Failure Assessment, Acute Physiology and Chronic Health Evaluation II and Simplified Acute Physiology III severity score assignments. These scores have been developed for the assessment of disease severity and have prognostic value in patients admitted to the ICU [19] [20] [21] . Based on this evaluation, all patients were classified by the investigators as having SIRS, severe sepsis or septic shock on the day of the measurement. Patient evaluation and classification took place prior to any NIRS measurements, by different members of the investigating team.
Near-infrared spectroscopy and the arterial occlusion technique
NIRS methodology provides an estimate of tissue oxygen saturation (StO 2 ) in a specific tissue volume by use of spectroscopy principles. Oxy-and deoxyhaemoglobin absorb infrared light at different and well separated wavelengths. According to the modified Beer-lambert law, log(I o /I)=OD=a×C×l×B+G, where I o /I is the excitation ratio, OD is the optical density analysed by the device, a is the absorption coefficient of the chromophore, C is chromophore concentration, l is the physical separation of the emitting and receiving optodes on the skin, B is the differential path length factor used to account for the increased optical path length due to scattering and G is a tissue-and geometry-dependent factor, used to account for scattering losses and assumed to be constant during the measurement period. Although all spectrometers work based on these principles, there are important differences in the algorithms that are implemented in different NIRS devices and thus in the measurements obtained with each of them. We used a wide gap second derivative NIRS device (InSpectra Model 325, Hutchinson Technology, USA), the technical details of which have been described previously 22 .
The hand of each patient was placed in the supine position and a 25 mm length light probe was placed on the skin over the thenar muscle via a single-use patch. The mean depth of penetration of the infrared light is approximately 12.5 mm (i.e. half the maximal distance between the emitting and receiving ends of the optode), thus the resulting StO 2 value mainly represents the StO 2 of the thenar muscle tissue 23, 24 . NIRS methodology measures the saturation of haemoglobin predominantly in the compartments of the microcirculatory bed, i.e. arterioles, venules and capillaries, since infrared light that reaches greater vessels is almost entirely absorbed. The room temperature of our ICU is preset and stable at 25°C throughout the day.
To assess the effects of sepsis on tissue oxygenation and microvascular reactivity, we combined NIRS measurements with the vascular occlusion technique: a pneumatic cuff placed above the elbow was inflated to 50 mmHg above systolic blood pressure, to achieve vascular occlusion 15 . Blood pressure was continuously monitored via an arterial catheter inserted in the contralateral hand. The occlusion period (ischaemia phase) lasted three minutes for all measurements and was followed by release of the pressure which led to the reperfusion and subsequently to the hyperaemic phase.
All StO 2 changes before, during and after the occlusion of the brachial artery, were continuously monitored and recorded for offline analysis. Measurements were terminated when the StO 2 signal returned to its previous baseline value. The rate of the StO 2 signal decrease during the stagnant ischaemia phase was used as an index of local tissue O 2 consumption rate, while the rate of increase during the reperfusion phase was evaluated as an index of microvascular reactivity.
Tissue oxygen saturation curves were analysed using the InSpectra Analysis Program v.2.0 (Hutchinson Technology, USA) for Windows, running in Matlab v.7.0 (MathWorks, Inc. Natick, MA, USA). linear regression is used by the software to estimate the slope of the decrease in the StO 2 signal during the ischaemia phase and the slope of the increase in the StO 2 signal during the reperfusion phase after the release of the brachial artery occlusion. This analysis was performed by members of the research group who had not participated in the evaluation of patients.
Statistical analysis
All continuous variables are expressed as mean ± standard deviation (SD). Continuous variables were compared by the Kruskal-Wallis test. Post hoc between-group comparisons were made using the Wilcoxon test, and P values were adjusted using the Bonferroni-Holm sequential procedure. Correlations were tested with Spearman's correlation coefficient. Statistical significance was set at P <0.05.
RESUlTS
Patient and control characteristics
Between January and May 2006 we studied 41 critically ill patients (24 men and 17 women, aged 58±22 years). Subsequently, we also evaluated and performed NIRS measurements in 15 healthy volunteers (eight men and seven women, aged 49±13 years). Patients were classified into three groups: SIRS group (n=21), severe sepsis group (n=8) and septic shock group (n=12), according to the International Sepsis Definitions Conference 16 . Their baseline characteristics are shown in Table 1 .
Of the 20 patients in the severe sepsis and septic shock groups, 14 (70%) had respiratory, three (15%) abdominal, two (10%) central nervous system and one (5%) mediastinal infections.
At the time of measurement, 35 patients (85%) were mechanically ventilated, 10 (24%) were treated with systemic corticosteroids, 26 (65%) were sedated and 17 (42%) were receiving continuous vasopressor support ( Table 1 ). All patients in the septic shock group received continuous vasopressor support. The type and dosage of vasopressors was chosen by the responsible clinicians according to each patient's needs. Eight of the patients were receiving noradrenaline, two patients were receiving noradrenaline and dobutamine infusion, one patient was receiving noradrenaline and adrealine and one patient was receiving dopamine. In the SIRS group, two patients had suffered head injury and were on vasopressors in order to maintain adequate cerebral perfusion pressure, while three patients were receiving inotropes due to heart failure.
Near-infrared spectroscopy measurements
NIRS measurements recorded before, during and after the occlusion of the brachial artery are shown in Figure 1 (A, B and C) . The rate of StO 2 signal decrease, index of local O 2 consumption rate during the three minutes of stagnant ischaemia, was significantly higher in healthy volunteers than in any of the patient groups (healthy vs SIRS, 35.5±10.6%/minute vs 23.9±7.7%/minute, P <0.001; healthy vs severe sepsis, 35.5±10.6%/minute vs 16.9±3.4%/minute, P <0.001 and healthy vs septic shock, 35.5±10.6%/minute vs 14.8±6.0%/minute, P <0.001, post hoc Wilcoxon with Bonferroni-Holm adjustment). Among the patient groups, patients with septic shock had significantly lower O 2 consumption rates than the patients with SIRS (P=0.006 post hoc Wilcoxon with Bonferroni-Holm adjustment, Figure 1B) . Patients with severe sepsis had a statistically significant lower oxygen consumption rate than patients with SIRS at the level of P=0.02 after post hoc Wilcoxon with Bonferroni-Holm adjustment. Finally, the reperfusion rate was significantly lower in patients with SIRS, severe sepsis or septic shock than in healthy controls (336±141%/minute vs 713±223%/minute, P <0.001; 257±150%/minute vs 713±223%/minute, P <0.001 and 146±101%/minute vs 713±223% /minute, P <0.001 respectively, post hoc Wilcoxon with Bonferroni-Holm adjustment, Figure 1C ) and Bars represent mean ± standard error. A) Tissue oxygen saturation (StO 2 ). B) Oxygen consumption rate (StO 2 /min) measured during the three minute occlusion of the brachial artery. Healthy vs SIRS, P <0.001; healthy vs severe sepsis, P <0.001; healthy vs septic shock, P <0.001; SIRS vs severe sepsis, P=0.02 and SIRS vs septic shock, P=0.006. C) Reperfusion rate (StO 2 /min) measured after release of the brachial artery occlusion. Healthy vs SIRS, P <0.001; healthy vs severe sepsis, P <0.001; healthy vs septic shock, P <0.001 and SIRS vs septic shock, P <0.001. was also lower in the group of patients with septic shock than in patients with SIRS (146±101%/minute vs 336±141%/minute, P <0.001, post hoc Wilcoxon with Bonferroni-Holm adjustment).
General clinical and laboratory evaluation
Serum lactate levels correlated moderately well with the reperfusion rate (r=0.360, P=0.031). Among the clinical and laboratory indices of illness severity, there was a statistically significant difference in serum lactate levels between the three severity groups (P <0.05) ( Table 1) .
DISCUSSION
Our study showed that, in our population of critically ill patients, tissue oxygenation and microvascular reactivity assessed by NIRS were markedly abnormal; furthermore, these abnormalities tended to become worse with increasing disease severity. In order to indirectly evaluate local oxygen consumption rate and microvascular dysfunction in septic patients and healthy volunteers, we performed a three-minute arterial occlusion, thus providing an ischaemic stimulus of fixed and predetermined duration, a method already used in the past 15, 26, 27 .
In the present study, we were not able to show statistically significant differences in StO 2 between patients and healthy controls. Pareznik et al 27 found no significant differences in baseline StO 2 values between groups of patients with different severity of disease or between patients and healthy volunteers. We also confirmed that StO 2 did not differ significantly among the three groups of patients. Apart from sample size considerations, this may be partially explained by the complexity of the pathophysiological mechanisms of microcirculatory alterations such as vasoplegia, shunting, precapillary dysfunction and endothelial dysfunction [7] [8] [9] [10] [11] [12] .
NIRS methodology has been validated as a reliable tool for measuring local O 2 consumption in vivo 28, 29 . The oxygen consumption rate assessed with NIRS during stagnant ischaemia of the upper extremity was lower in critically ill patients than in healthy subjects. This observation is concordant with that previously reported by Pareznik et al 27 .
Skarda et al 26 found no significant differences in the "StO 2 occlusion slope" per se, though using the obtained values in a mathematical model they were able to show lower "NIRS-derived local oxygen consumption values" in a mixed population of patients with severe sepsis and septic shock. Furthermore, they found significantly lower StO 2 baseline values when they compared these patients to healthy volunteers. Doerschug et al 30 showed significantly lower StO 2 and oxygen consumption rate values in patients with severe sepsis when compared to healthy volunteers. Both these findings are in accordance with the results presented in our study.
Finally, a recent report by Creteur et al 31 compared patients with severe sepsis or septic shock to nonseptic patients and to healthy volunteers, using a methodology very similar to our own. They were able to detect differences in baseline StO 2 between these groups.
Our observation of lower than normal StO 2 values in critically ill patients might be attributable to several mechanisms. First, it might be caused by functional microcirculatory shunting, which diverts blood and O 2 from certain tissue regions, leaving them under-or unperfused 32, 33 . Second, sepsis is associated with a decrease in tissue capillary density 4, 38, 39 , which decreases O 2 delivery. Third, sepsis might trigger a hypermetabolic state, leading to the over-extraction of O 2 34 , at least in the initial stage. There is, however, accumulating evidence in favour of the contrary, i.e. a decrease in O 2 extraction during septic states [35] [36] [37] . This hypothesis is in concordance with our finding of lower O 2 consumption rate observed in our critically ill patients, and could indicate a cytopathic component of tissue hypoxia during sepsis. This finding confirms the results of Pareznik et al 27 and Doerschug et al 30 .
Another finding from our study was the diminishing reperfusion rate with the increasing severity of sepsis. This rate reflects the ability of the microvasculature to react appropriately to the ischaemic stress, and indirectly evaluates endothelial integrity and smooth muscle function. Capillary recruitment and vasodilation occur normally during stagnant ischaemia. Critically ill patients appear unable to react appropriately to ischaemic stimuli, presumably because of endothelial and arteriolar smooth muscle dysfunction, and both problems seem to get worse as the severity of disease increases. For example, endothelial dysfunction has previously been shown to play an important role in oedema formation during sepsis 7, 42 . Our findings confirm the results obtained with other techniques such as transcutaneous oximetry 43 and laser Doppler flowmetry 44 and are in agreement with results of other studies already published 40, 41 . In an already cited study, Creteur et al 31 also found markedly reduced microvascular reactivity in the more severely ill subjects, a finding that appeared also to have prognostic value with regards to mortality.
Our study had some limitations. One is the use of vasopressors and sedative agents, whose effect on the microcirculation could not be ascertained. Right heart catheterisation was performed in a limited number of patients (data not shown). Another potential limitation is that we studied a relatively small number of patients and healthy volunteers.
In conclusion, tissue oxygenation abnormalities, in the clinical setting, have been mainly ascertained up to now by measurements of serum lactate 45 , gastric tonometry 46 , O 2 electrodes 47 and venous O 2 saturation 48 . Currently, there is no widely accepted method of evaluation of the microcirculation in critically ill patients. Since non-specific haemodynamic indices do not provide direct and adequate information regarding the oxygenation of tissues, a practical, non-invasive, bedside method to evaluate the microcirculation, such as NIRS, is highly desirable.
